ABSTRACT
DSMC Results
shows the non-dimensionalized density contour plots in a plane approximately 1 m above the bottom of the spacecraft for freestream densities of 10 kg/km 3 and 100 kg/km 3, where the latter value represents the highest density expected to be encountered during aerobraking. The plots show the typical diffuse shock layers that occur in rarefied transitional flow, with the layer getting pressed to the surface as the freestream density increases. Figure 3 shows the surface pressure contours for a freestream density of 100 kg/km 3 at the nominal attitude. The plot shows that the spacecraft bus shields the center solar array and the edges of outboard solar arrays from the on-coming flow.
The total number of molecules in the simulations performed varied from 0.5 million for 0.1 kg/km _ runs to 2.5 million for 100 kg/km 3 runs. Most cases were run for over 10,000 time steps to ensure adequate sample size. These curve fits covered a pitch and yaw attitude range of+60°and density range of 10 .4
to 2500 kg/km 3 where the lower value represents the free molecular limit and the higher value represents the continuum limit.
The aerodynamic computational matrix was defined based on rotation angles in the spacecraft body coordinate systems, where pitch (0) is defined as the first rotation about the X-axis and yaw (0) is defined at the second rotation about the Z-axis. Free molecular calculations were performed for yaw and pitch angles of-60°to +60°in 5-degree increments. DSMC calculations were performed for densities of 0.1, 1.0, 3.162, 10.0, 31.62 and 100 kg/km 3 at pitch and yaw angles of -60°, 0°and+60°, resulting in totalof 54 DSMC calculations.
The database wasenriched by assuming thatthe shape ofeach coefficient curveforagiven angle sweep atanydensity is thesame asthefreemolecular result and that valuesof eachaerodynamic coefficient approach freemolecular values asthedensity decreases andNewtonian values (whicharealsocalculated by DACfree) asthedensity increases. Foragiven density, thefreemolecular coefficient curve in pitch was scaled using the DSMC results, and the curve was offset to match the coefficient value at _ = 0°for each pitch angles as shown in Figure  4 . By repeating the procedure, but exchanging the direction and performing the scaling and offset for every 5°in yaw angle, the variations of force and moment coefficients with attitude are determined. Figure 5 shows the contour plots of the force coefficients for a freestream density of 10 kg/km 3, and Figure 6 shows the variation of axial force coefficient with freestream density for the nominal attitude of yaw and pitch angles of 0 degree. 
Database Uncertainty
The knowledge of the accuracy of the aerodynamic database and the accompanying interpolation routines are important for determining the atmospheric density and planning of the aerobraking maneuvers. Hence, prior to the aerobraking of the mission, the database and the accompanying routines were verified and validated to the extent which was possible. Table 1 summarizes the uncertainty associated with the aerodynamic database. The uncertainties of the database for the force coefficients were estimated to be +/-2.9% and are included in Figure 6 . The sources of uncertainty include computational errors, physical model errors and boundary condition errors as listed in To monitor the accuracy of the aerodynamics database, measured spacecraft attitude during aerobraking passes was compared to the spacecraft attitude extracted from the database using measured acceleration ratios. Uncertainties in the aerodynamic database translate directly into uncertainties in the relative wind attitude (pitch and yaw) that can be deduced from the accelerometer measurements. Figure  7 shows the variation of error in the acceleration ratio _SAx/Ay withdensity asfunctions of acceleration data uncertainty and the database uncertainty. These uncertainties mustbe combined with thoseof the accelerometers, whichwereestimated tobea constant 0.54mm/s 2 by Jim Chapel of LMA. Theestimated uncertainties givenin Table1areforthecoefficients thatare nondimensionlized by density(through the dynamicpressure)and therefore, the error in acceleration ratio associated with the database are independent of density.However, theaccelerometer erroris assumed to be a constant dimensional value, andsince theaxial acceleration, A,., is proportional to density, the error in the ratio decrease in inverse proportion to density. The result of this behavior is that attitude uncertainties are dominated by accelerometer errors at low densities and by aerodynamic database errors at high densities. Flight Data Figure  9 shows the atmospheric density during aerobraking pass 183. The atmospheric density, p is reconstructed using the equation, Figure 11 . The figure shows the spacecraft attitude comparison for aerobraking pass 170. The pitch attitude comparison shows that results derived from the aerodynamic database match the data from flight measurements, similar to pass 183. However, there is a distinct off set between the two curves near the periapsis for the yaw attitude comparison, which suggests presence of zonal winds.
The presence of zonal winds is illustrated in Figure  12 112. This discrepancy in the pitch attitude appeared to be a consistent bias speculated to be caused by a small error in the computational geometry model and was later corrected after P I20. However, the differences in yaw angle were consistent with the possible existence of a strong westerly zonal wind. As mentioned previously, the attitude of the spacecraft is based on the spacecraft velocity defined by the Although the latitude and longitude of the periapsis of the two orbits are similar, the latitude of thetrajectory is increasing for P112, whereas thelatitude of thetrajectory is decreasing for P165, therefore, the westerly wind causes opposite shifts inyawattitude asshown bythese comparisons.
Summary
The majority of passes showed large atmospheric variability and the existence of zonal winds. Overall, comparisons from all aerobraking passes show that the aerodynamic database and the model reconstruct the flight data with the expected accuracy. Figure 13 and Figure  14 show the mean and the RMS of the differences in spacecraft attitude for each aerobraking pass. The step reduction in pitch attitude difference is caused by the pitch model modification that was applied to the analysis based on flight data collected from the first 120 passes to correct for the consistent bias referred to earlier. After the introduction of the new pitch model, the differences in pitch attitude became significantly less than the preflight uncertainty. The mean of the differences and the RMS of the differences for passes after 120 are approximately zero and--1.0 deg., respectively.
Corrections
to the yaw predictions were never introduced since there was too much scatter in the differences in the yaw attitude comparisons to allow an accurate correlation with any credible zonal wind model. However, Figure 13 shows a strong qualitative indication that such winds are present. The figure
shows that the mean differences are initially negative but as the trajectory changes from north bound to south bound the differences become positive, which can be explained by the presence of zonal winds. For most of the aerobraking passes the RMS of the differences in yaw attitude were less than 2.5 deg. 
